Magnetic ordering in the MAX phase (Cr 0.96 Mn 0.04 ) 2 GeC is investigated by means of neutron powder diffraction (NPD). Upon cooling, the temperature dependence of the magnetization shows a twostep increase. The NPD refinement reveals that the first step, at 300 K, and the second step, at 38 K, originate from a collinear magnetic structure within the MAX phase and a spinel MnCr 2 O 4 impurity phase, respectively. The former magnetic structure is oriented perpendicular to the c axis, with a net magnetic moment of ∼ 0.6(2) μ B per Cr/Mn atom at 50 K. This is the first direct evidence for magnetic ordering within a bulk MAX phase.
Introduction
The M n+1 AX n (MAX) phases (n = 1, 2, 3), where M is an early transition metal (Ti, V, Cr, . . . ), A an A-group element (Al, Ge) and X is either C and/or N, were discovered by Nowotny et al. [1] in the 1960s and subsequently ignored for ≈ 20 years. Renewed interest was sparked by Barsoum et al. [2] who showed that some of these phases CONTACT O. Rivin oleg.rivin@helmholtz-berlin.de Helmholtz-Zentrum Berlin für Materialen und Energie, Glienicker Strasse 100, Berlin 14109, Germany; Physics Department, Nuclear Research Centre-Negev, P.O. Box 9001, Beer-Sheva 84190, Israel exhibit some of the best characteristics of ceramics and metals [3] .
The MAX phase structure is comprised of near closepacked M-planes interleaved with pure A-layers (mostly group 13 and 14) , with the C and or N-atoms occupying the octahedral sites between the M-layers. Given their naturally nanolaminated nature, they have spurred interest in whether some of them are magnetic [4] [5] [6] , with some recent success [7] [8] [9] [10] [11] [12] [13] [14] .
The first experimental observations of macroscopic magnetic response (MMR) were made on epitaxial thin films in the solid solution (Cr 0.75 ,Mn 0.25 ) 2 GeC [7] . Since then, MMR has been reported for other Cr-and/or Mn-based thin films, including (Cr 1−x ,Mn x ) 2 AlC [8] , (Mo 1−x ,Mn x ) 2 GaC [13] and Mn 2 GaC [9, 14] , among others. Moreover, a recent neutron reflectometry study, performed under a field of 20 Oe, showed, on a microscopic scale, antiferromagnetic (AFM) ordering within an Mn 2 GaC thin film [15] . For a recent review article on the subject, see Ingason et al. [16] .
The focus of this work is on bulk Cr-Mn-Ge-C samples. The first attempt to introduce Mn into Cr 2 GeC was motivated by ab initio calculations, suggesting a solubility limit of x = 0.25 in (Cr 1−x Mn x ) 2 GeC [7] . Additional calculations on (Cr 0.75 ,Mn 0.25 ) 2 GeC predicted the local magnetic moments on the Mn and Cr atoms to be ≈ 2 and 0.7 µ B , respectively, with a tendency for the Cr moments to line up parallel to the Mn moments. The magnetic ground state was AFM, though the ferromagnetic (FM) state was quite close in energy. Interestingly, the ground state for the end member, Cr 2 GeC, was theoretically predicted to be AFM, with finite Cr local moments in the 0.6-0.9 µ B range depending on the spin configuration [17] . We note that this result does not contradict X-ray magnetic circular dichroism analysis of Cr 2 GeC thin films, which concluded the Cr net moment to be 0.02 µ B [18] .
Previous investigations of magnetism in (Cr 1−x ,Mn x ) 2 GeC revealed MMR [10, 11] . Moreover, the value of the Curie temperature obtained, assuming that magnetic ordering takes place, increased with Mncontent. Currently there are two schools of thought on the nature of magnetism in these compounds. The Linköping group suggest overall AFM coupling, though observe a small FM component, which suggests competing magnetic interactions [7] . In contrast, Liu et al. made the case for itinerant magnetism [10] . However, all experimental results and conclusions in the field of magnetic bulk MAX phases were based on MMR alone, which was the impetus for this work. Herein neutron powder diffraction (NPD)-obtained, with no externally applied magnetic field, using two independent neutron instruments at several temperatures-is used to investigate possible magnetic ordering within a (Cr 1−x ,Mn x ) 2 GeC powder sample. A third, high angular resolution neutron instrument, is used at room temperature (RT) alone, in order to improve the precision in the amount of Cr randomly replaced by Mn. The FM structure, found below 50 K, constitutes the first evidence, on a microscopic scale, for magnetic ordering within a bulk MAX phase.
Experimental details
A (Cr 1−x ,Mn x ) 2 GeC powder was synthesized by solidstate reaction of elemental powders (99.9% purity). The details can be found elsewhere [11] . In brief, elemental powders were mixed in an agate mortar, sealed in evacuated quartz tubes and heated to 1100°C for 48 h. The nominal chemistry was chosen to generate a compound with x = 0.1; the actual value, measured herein, is 0.04 (see Section 3).
The magnetization, M, and the susceptibility, χ , as a function of temperature, T, were obtained using a Quantum-Design type SQUID magnetometer and an alternating current (AC) susceptometer, respectively, operated under standard settings. A 80 mg solid sample was used and a T range of 5-375 K was covered. Two frequencies of alternating magnetic fields (293 and 1465 Hz) were used to obtain χ .
The high flux E6 neutron diffractometer, located at the Helmholtz-Zentrum Berlin (HZB, Germany), was used to obtain NPD profiles at 323.0(5), 50.0(5) and 1.5(3) K. An incident neutron wave-length, λ, of 2.43(1) Å was obtained using a focusing pyrolytic graphite monochromator. A 5 g (Cr 1−x Mn x ) 2 GeC powder sample was loaded into a vanadium, V, cylindrical sample holder, with a 6 mm diameter.
The neutron reflectometer MIRA [19] , located at the Heinz Maier-Leibnitz Institute (Munich, Germany), was used to obtain complimentary higher angular resolution NPD results, as well as low angle count, at RT, 145.0(5), 38.0(2) and 12.2(2) K. The incident neutron beam, with λ = 4.334(1) Å, was unpolarized. Since MIRA is designed for small angle scattering, the obtained NPD profiles were limited to a small angular range. Three grams of (Cr 1−x Mn x ) 2 GeC powder were loaded into a V cylindrical holder, with a 10 mm diameter.
The high angular resolution (and low incident neutron flux) E9 neutron diffractometer (HZB) was used to obtain high-resolution NPD profile at RT. An incident λ = 1.795(1) Å was obtained using the 111 reflection of a Ge single crystal monochromator. Measurements were undertaken on 5 g of (Cr 1−x Mn x ) 2 GeC powder in a 6 mm diameter V holder.
Results and analysis
When M is plotted as function of externally applied magnetic field, H (Figure 1 The magnetic events temperatures obtained from the AC susceptibility results (Figure 1(b) , lines) agree with those obtained from the magnetization measurements. In second order magnetic phase transitions, χ exhibits a discontinuity at the transition temperature [21] . Hence, the extremum of dχ/dT (Figure 1(d) ) is the best estimate for the temperature of an observed magnetic event. The width of this extremum indicates the uncertainty in these values. Based on the results shown in Figure 1(d) , we identify three magnetic events at T 1 = 300(4), T 2 = 38.0(5), T 3 = 12(2) K. In addition, because the Ts of these extremums coincide for both the 1465 and 293 Hz AC field frequencies (Figure 1(d) ), the presence of a 'spin-glass' state can be excluded [22] .
The observed NPD profile using E6 above T 1 (Figure 2(a) ), and the observed NPD profiles using both E9 (Figure 2(b) ) and MIRA slightly below T 1 (not shown), in which the contribution of magnetic scattering-if present-is expected to be negligible, were analyzed using the Rietveld refinement method [23] . A P6 3 /mmc space group [24] was used, with the Cr 1−x Mn x , Ge and C atoms positioned at the 4f, 2e and 2a sites, respectively. The refined profiles are in good agreement with the observed profiles, as can be viewed by their corresponding differences (Figure 2(a) and (b) , blue horizontal lines). The obtained lattice parameters a 0 and c 0 , the z coordinate of the 4f site, z 4f , the Mn occupancy of the 4f site, x, and the relative fraction of the M 2 AX phase, , are listed in Table 1 . Isotropic atomic displacement parameters [26] were assumed for each site separately (not reported).
Reflections additional to those of the M 2 AX structure were found to originate from MnCr 2 O 4 [27] (Fd-3 m) Table 1 . Crystallographic parameters of (Cr 1−x Mn x ) 2 GeC, obtained using NPD at E6, E9 and MIRA, refined using the P6 3 /mmc space group. a 0 and c 0 are the lattice parameters, x is the Mn concentration on the 4f site, is the relative fraction of the (Cr 1−x Mn x ) 2 GeC unit cells within the sample. R f is the refinement's quality agreement factor [25] . The magnetic moment, μ 4f , oriented perpendicular to the hexagonal c axis (see text), was refined using the P1 space group. Numbers in parentheses are standard deviations of the last significant digit, representing the statistical uncertainty component. (Figure 2(d) ), only c 0 , x and were refined and found to be in good agreement with their corresponding values obtained using E6 and E9 (Table 1) . The 002 and 100 reflections serve as proxies for FM ordering, originating from the 4f site, within (Cr 0.96 Mn 0.04 ) 2 GeC. The ratio between the magnetic and nuclear scattering contributions in other reflections is smaller by a factor of three (and less). The 002 magnetic count originates from an FM component oriented in the basal planes, while the 100 magnetic count originates from either a c-axis or basal plane components or a combination of both. Moreover, the nuclear count of the 002 reflection is expected to remain constant as T is decreased because the change in the thermal diffuse scattering, that is, the change in the Debye-Waller coefficients [24] , associated with this reflection, is negligible due to its large d value ( ∼ 6 Å).
An increase in the 002 count is observed at 50 K (E6, Figure 2(c) ) and at 38 K (MIRA, Figure 2(d) ). Although this count increase is small, its presence above crystallographic count (black line) is observed using two independent neutron instruments, with statistical significance. Moreover, this 002 count increase corresponds to the T 1 magnetization increase (Figure 1(b) ), and in retrospect, the refined ordered magnetic moment of ∼ 0.75 μ B per 4f atom (see below), averaged for the E6 and MIRA results (Table 1) , is consistent with the effective paramagnetic moment of 0.5(2) μ B above T 1 (Figure 1(c) ). Notice, that the effective paramagnetic moment includes also the paramagnetic contribution of the MnCr 2 O 4 impurity phase. Hence, we conclude that magnetic ordering perpendicular to, or containing a perpendicular component to, the c-axis is present below 50 K. However, because the 002 count increase is small, and originates from a single reflection, it is difficult to distinguish whether it originates from long or short range magnetic ordering. Because the 002 profile remains unchanged as T is lowered from 50 to 1.5 K (not shown) [25] , and whereas both the integrated count and profile widths, generated by short range magnetic ordering, are expected to exhibit a T-dependence, it is reasonable to assume long range magnetic ordering. In this case, a non-c-axis magnetic component does not conform with hexagonal symmetry and would lead to a symmetry decrease. 1 A two-phase-based refinement process was carried out for both the E6 and MIRA results (Figure 2(c,d) , black lines). The first phase is crystallographic, with the initial parameters values set at the refined values obtained from the paramagnetic state (Figure 2(a,b) ). The second phase is magnetic, based on the P1 space group, with the a 0 , c 0 , z 4f , and instrumental parameters constrained to their corresponding values within the first phase. Assuming an FM spins arrangement within the 4f site, an average ordered magnetic moment of μ 4f = 0.6(2) μ B /atom is refined using E6 at 50 K. For MIRA, μ 4f = 0.9(2) μ B /atom is refined at 38 K. The sum of the crystallographic and magnetic refined profiles (black line) fits the observed profile better than the crystallographic profile alone in both the E6 and MIRA results (see top insets in Figure 2(c) and 2(d), respectively) . The effects of different Mn and Cr magnetic form factors on the refined μ 4f were found to be negligible.
Upon cooling below T 3 to 1.5 K (E6), and below T 2 to 12 K (MIRA), the count profiles of the MAX reflections remain unchanged. Below T 2 (and above T 3 ), MIRA results show that no additional reflections emerge up to d ∼ 100 Å. On the other hand, the count profile of the MnCr 2 O 4 reflections was found to increase in both cases. Also, below T 3 , in agreement with previous findings [27] [28] [29] , low count satellite reflections, originating from a spiral magnetic structure, were found. However, new unidentified reflections, with an inter-planar distance of ∼ 5.4 and 2.7 Å, and similar count to the satellite reflections, are also found at 1.5 K.
Discussion
The negative neutron scattering length of Mn [24] , versus an opposite sign and similar size scattering length of Cr, offers high sensitivity to x (Table 1) . Herein by combining the E6, MIRA and E9 NPD results, x is found with a combined statistical ( Table 1 ) and systematical precision of ∼ 0.002 and 0.005, respectively. On the other hand, because Cr and Mn are adjacent in the periodic table, the corresponding x-ray diffraction accuracy in x is ∼ 0.4. The uncertainty weighted average of the x values in Table 1 yields 0.042(5). We thus establish that Mn was indeed successfully introduced into a Cr 2 GeC. However, only ∼ 4 at.% of the Cr atoms are randomly replaced by Mn to yield (Cr 0.96 Mn 0.04 ) 2 GeC, while the nominal amount aimed for was 10 at.% (Section 2). The missing Mn is consistent with its amount in the MnCr 2 O 4 impurity phase [30] . 2 Using the refined crystallographic and magnetic profiles of (Cr 0.96 Mn 0.04 ) 2 GeC in E6 and MIRA (Figure 2  (c,d) , black lines), and the corresponding statistical precision of the 002 and 100 profile counts (after background subtraction), we find that the limit of detection for an FM (or a ferrimagnetic) structure, oriented perpendicular and parallel to the c axis, is ∼ 0.5 and ∼ 1 μ B /atom within the 4f site, respectively. Because the refined μ 4f (Table 1) is just above the limit of detection, a similar size parallel component may be present but below the 100 limit of detection. 3 Neglecting the differences in temperature, the average value of μ 4f obtained from E6 and MIRA (Table 1) is 0.75 µ B /atom. Coincidentally or not, this value is in excellent agreement with the net moment one would obtain if one assumes that the Mn and Cr moments are the DFT predicted values of 2 and 0.7 μ B [7] , respectively, since 0.04×2 + 0.96 × 0.7 = 0.75. If one assumes Cr 2 GeC is AFM with 0.7 µ B on each Cr atom [17] , it follows that the Mn atoms must align all the Cr moments in the same direction. This conjecture is consistent with the increase of Curie temperatures with increasing Mn content [10, 11] . Moreover, the obtained magnetic structure is consistent with the previous theoretical prediction [7] of competing AFM and FM ordering within Cr-Mn-Ge-C MAX phase systems.
Upon cooling below T 2 , the neutron count of the 002 and 100 reflections remain unchanged, indicating that the magnetic structure, which emerged below T 1 , is unaffected by the T 2 magnetic event. The count increase is found to originate from the MnCr 2 O 4 impurity reflections, indicating the onset of a collinear [26] magnetic ordering within. Hence, the 'reentrant cluster glass state' magnetic ordering model, previously proposed [11] for the T 2 magnetic event, cannot hold. Below T 3 , several new low count reflections are found to emerge. Few of these are identified as MnCr 2 O 4 satellite reflections, originating from a spiral [26] magnetic structure. At this point, due to angular resolution and statistics limitations of the E6 and MIRA results, we can only speculate that the unidentified reflections originate from AFM ordering within (Cr 0.96 ,Mn 0.04 ) 2 GeC, which was previously proposed [7] to coexist with FM ordering.
Conclusions
Neutron diffraction shows that ≈ 4 at.% of Cr atoms are replaced by Mn, yielding a MAX phase with a composition of (Cr 0.96 Mn 0.04 ) 2 GeC. The increase in the 002 reflection's count below 50 K (Figure 2(c,d) ) is consistent with FM ordering of the atoms within the 4f site. As far as we are aware, this is the first direct evidence for bulk MAX phase magnetic ordering, shown on a microscopic scale. Moreover, since this ordering is attributed to the magnetization increase observed just below 300 K (Figure 1(b) ), the possibility for synthesizing magnetically ordered MAX phases at room temperature must be noted. Future work, focused on introducing higher Mn concentrations within Cr 2 GeC, is recommended. Table 1. 3. If a parallel component is absent (present), an arrangement of spins perpendicular to the c axis lowers the crystal symmetry to orthorhombic (see note 1) (monoclinic).
